Aim: To study the dosimetric advantages of the jaw tracking technique in intensity-modulated radiotherapy (IMRT) and volumetric modulated arc radiotherapy (VMAT) for carcinoma of cervix patients. Materials and Methods: We retrospectively selected ten previously treated cervix patients in this study. All the ten patients underwent CT simulation along with immobilization and positional devices. Targets and organ at risks (OARs) were delineated slice by slice for all the patients. All the patients were planned for IMRT and VMAT with intend to deliver 50 Gy in 25 fractions. All the plans were planned with 6 MV photon beam using millennium-120 multi leaf collimator (MLC) using the TrueBeam linear accelerator. IMRT and VMAT plans were performed with jaw tracking (JT) and with static jaw (SJ) techniques by keeping the same constraints and priorities for the target volumes and critical structures for a particular patient. For standardization, all the plans were normalized to the target mean of the planning target volume. All the plans were accepted with the criteria of bladder mean dose < 40 Gy and rectum mean dose < 40 Gy without compromising the target volumes. Target conformity, dose to the critical structures and low dose volumes were recorded and analyzed for IMRT and VMAT plans with and without jaw tracking for all the patients. Results: The conformity index average of all patients followed by standard deviation (x̄ ± σ x̄) for JT-IMRT, SJ-IMRT, JT-VMAT and SJ-VMAT were 1.176 ± 0.139, 1.175 ± 0.139, 1.193 ± 0.220 and 1.228 ± 0.192 and homogeneity index were 0.089 ± 0.022, 0.085 ± 0.024, 0.102 ± 0.016 and 0.101 ± 0.016. In low dose volume J,T-IMRT shows a 5.4% (pvalue < 0.001) overall reduction in volume receiving at least 5 Gy (V 5 ) compared to SJ-IMRT, whereas 1.2% reduction was observed in V5 volume in JT-VMAT compared to SJ-VMAT. JT-IMRT showed mean reduction in rectum and bladder of 1.34% (p-value < 0.001) and 1.46% (p-value < 0.001) compared to SJ-IMRT, while only 0.30% and 0.03% reduction were observed between JT-VMAT and SJ-VMAT. JT-IMRT plans also showed considerable dose reduction to inthe testine, right femoral head, left femoral head and cauda compared to the SJ-IMRT plans. Conclusion: Jaw tracking resulted in decreased dose to critical structures in IMRT and VMAT plans. But significant dose reductions were observed for critical structures in the JT-IMRT compared to SJ-IMRT technique. In JT-VMAT plans dose reduction to the critical structures were not significant compared to the JT-IMRT due to relatively lesser monitor units in the VMAT plans.
Introduction
In the recent years, the clinical use of intensity-modulated radiation therapy (IMRT) and volumetric modulated arc radiotherapy (VMAT) has drastically increased due to its capability to escalate the dose to the tumor by limiting the doses to the organ at risks (OARs). In sliding window IMRT, the secondary jaws stay in fixed positions whereas the multileaf collimators (MLC) dynamically modulate the intensity of the photon beams according to the fluence pattern. VMAT is an advanced form of IMRT, where the intensity modulation is performed using MLC in a volumetric manner. In the standard static jaw (SJ) IMRT and VMAT delivery, the secondary jaws stay in fixed position and the MLC moves to modulate the intensity pattern of the photon beams to achieve a desired dose distribution. The typical MLC transmission of the Varian Millenium MLC ranges from 1.6% to 2.5% for the beam energies from 6 MV to 18 MV photon beams [1] . In 3-dimensional conformal radiotherapy (3DCRT) with 15 MV four field box technique the average MU required is 228.9 ± 3.6 MU for 2 Gy per fraction according to our institutional data, this may vary depends upon the patient thickness and the photon beam energy used, whereas the average MU documented in this study for the static jaw IMRT and VMAT were 1573.6 ± 206.1 and 479.6 ± 124.1 respectively. Compared to 3DCRT, IMRT monitor units (MU) were approximately 8 fold higher, whereas in VMAT the increase in MU is around 2 to 3 folds. Increased MU in the IMRT and VMAT will result in increased doses to the OARs and normal tissues due to the increase in the MLC transmission, the effect will be predominant in IMRT rather than VMAT. To reduce the MLC transmission effect in IMRT and VMAT, jaw tracking method has been introduced, which brings the secondary jaws close to the open MLC segments. By combining the jaws with MLC, the transmission can be brought down to less than 0.1% [2] .
Varian medical system has introduced the jaw tracking feature in there TrueBeam medical linear accelerator, which reduces the MLC transmission by dynamically tracking all the secondary jaws (Y1, Y2, X1, and X2) close to the MLC aperture during the VMAT and IMRT delivery [2] . The secondary jaws move with a maximum velocity of 2 cm/sec to move close to the MLC aperture to minimize MLC transmission.
Eifel et al. [3] described late toxicity in a retrospective study of 1784 patients of FIGO stage IB carcinoma of the cervix treated with conventional radiotherapy between 1960 and 1989. They suffered 7.7% and 9.3% ≥ grade 3 genitourinary complications at 3 and 5 years respectively. He also concluded that after 5 years the risk continuously increased by 0.34% per year, resulting in major complications of 14.4% at 20 years. Intensity-modulated radiation therapy side effects were comparatively lower than conventional radiotherapy; the favorable outcomes described its safety and efficacy of cervical cancer [4] . Clinical use of IMRT and VMAT in carcinoma of the cervix has considerably increased in the last decade due to its unique features of confirming the high dose volumes on the target volumes and sparing the OARs. The low dose volumes were always major concerns in the young adult and pediatric patients, which has a well-established relationship with the secondary malignancies [5] . IMRT and VMAT techniques with jaw tracking will definitely able to reduce the low dose volumes and spare OAR's.
The dosimetric influence of jaw tracking in IMRT and VMAT for head and neck cancer has been investigated and published in our previous study [1] . In this study, we would like to investigate the dosimetric influences of jaw tracking IMRT and VMAT compared to the static jaw IMRT and VMAT in the patients of carcinoma of the cervix, as an extension of our previous study.
Materials and Methods
We retrospectively selected ten previously treated patients diagnosed with carcinoma of the cervix. All the patients were planned for IMRT and VMAT with static jaw and jaw tracking techniques. We intended to deliver a total dose of 50 Gy in 25 fractions with a daily dose of 2 Gy per fraction. The patient demographic data were listed in Table 1 . 
CT simulation and delineation
All the ten patients were immobilized with vac-lock (CIVCO, Orange City, IA, USA) indexed to the couch. Contrastenhanced axial slices with a slice thickness of 2.5 mm were obtained for all the patients using GE Discovery 600 16 slice PET/CT scanner (GE Healthcare, Waukesha, WI, USA). Dicom images of the patients were transferred to the ARIA (Varian Medical Systems, Palo Alto, California, USA) oncology record and verification software using the file transfer protocol. The received images were imported into the ARIA and the demographic data of the patients were assigned accordingly. Body structure contours were auto segmented in the treatment planning system. The contouring of the gross tumor volume (GTV), the clinical target volume (CTV) (includes the subclinical diseases and nodal stations) and OARs (bladder, rectum, right femoral head, left femoral head, intestine, and cauda) were delineated by the same radiation oncologist to avoid inter-observer variability. Illustration of organ at risks and target volumes delineation were listed in Figure 1 .
Treatment Planning
Ten patients were planned with jaw tracking and static jaw IMRT and VMAT with a total dose prescription of 50 Gy in 25 fractions with a daily dose of 2 Gy per fraction. All the patients were planned with TrueBeam linear accelerator in Eclipse treatment planning system using 6 MV flattened beam for all the plans along with the millennium-120 MLC for the beam modulation. The 6 MV MLC transmission for the millennium-120 MLC and the jaw transmission used in this study were 1.90% and 0.41% respectively. Seven fields (gantry angles 0°, 51°, 102°, 153°, 204°, 255°, and 306°) were used for IMRT plans with jaw tracking and static jaw, whereas two complete arcs with ± 30° collimator angle were used for VMAT plans. The beam's eye view of the jaw tracking and static jaw IMRT and VMAT segments were illustrated in Figure 2 . Dose-volume optimizer ver. 11.0.31 was used for IMRT optimization along with smart leaf motion calculator to convert the optimal fluences to actual fluences. Progressive resolution optimizer ver. 11.0.31 was used for VMAT optimization. Analytical anisotropic algorithm ver. 11.0.31 dose calculation algorithm was used with 2.5 mm grid resolution for both IMRT and VMAT plans. For a particular patient, IMRT and VMAT plans with jaw tracking and static jaw was optimized with the same dose constraints and priorities by enabling and disabling jaw tracking during the optimization. For standardization, all the plans were normalized to the target mean of the PTV.
Plan quality assessment
Dose conformity and homogeneity are independent specifications of the quality of the absorbed dose distribution. Dose conformity characterizes the degree to which the high dose region conforms to the target volume whereas dose homogeneity characterizes the uniformity of the absorbed dose within the target volume. The plan quality of the jaw tracking and static jaw IMRT and VMAT were evaluated using the homogeneity index and conformity index. The homogeneity index defined by the International Commission of Radiological Units (ICRU) report no 83 published [6] in 2010 was used to compare the plan homogeneity. The conformity index recommended by the Radiation therapy oncology group (RTOG) in 1993 described in Equation 2 was used to compare the plan conformity.
Homogeneity Index (HI)
ICRU-83, defines the homogeneity index as below
Where, D 2% , D 98% and D 50% are the doses received by the volume 2%, 98% and 50% respectively. HI = 0.000 (zero) is ideal value.
Conformity Index (CI)
RTOG has recommended the conformity index as a ratio of the volume of the PTV covered by the reference dose to the total volume of the PTV.
Where, V RI = volume of PTV covered by the reference dose, TV is the volume of PTV. Target conformity and homogeneity were calculated using the above Equation 1 and 2 for all the jaw tracking and static jaw IMRT/VMAT plans to evaluate the plan quality. The dose to the OARs and normal tissue low dose volumes (V 5 , V 10 , V 20, and V 30 , where V n is the percentage volume receiving at least 'n' Gy) were recorded and analyzed for IMRT and VMAT plans with and without jaw tracking for all the patients. V 5 , V 10 , V 20, and V 30 were selected to compare the dosimetric differences between the jaw tracking and static jaw plans.
Patient-specific QA
Patient-specific QA for all the ten patients planned with JT-IMRT, SJ-IMRT, JT-VMAT, and SJ-VMAT (total 40 plans), were performed using Varian portal dosimetry. The treatment planning system (TPS) creates a reference fluence of the individual treatment plans of IMRT and VMAT using the portal dose image prediction (PDIP) algorithm. The aS1000 amorphous silicon portal imager with image acquisition system 3 attached to the exact arm, were used for the acquisition the delivered plan images. The gamma analysis with a 3% dose and 3 mm distance to agreement (DTA) criteria were used to compare the acquired images with the TPS predicated fluence. The region of interest for portal dosimetry analysis includes MLC complete irradiated area outline (CIAO) with an additional 1 cm margin. The gamma analysis pass criteria were set as 95% of the pixels should pass the 3% dose and 3 mm DTA between the acquired images with the TPS predicated fluence.
Statistical Data Analysis
All the statistical data presented in this work, are as a mean of all the data followed by the standard deviation ± ). The paired sample's T-test between the jaw tracking and static jaw techniques were performed using the Microsoft Word/Excel version 2010 with p < 0.05 considered as significant.
Results

Conformity Index and Homogeneity Index
The plan quality of the IMRT and VMAT plans were evaluated using the conformity index (CI) and the homogeneity index (HI). The obtained conformity and homogeneity index for the static jaw and jaw tracking techniques were tabulated in Table 2 . The results listed in Table 2 are the average of all the patients analyzed in this study. Mean conformity index followed by the standard deviation for JT-IMRT, SJ-IMRT, JT-VMAT, and SJ-VMAT techniques were 1.176 ± 0.139, 1.175 ± 0.139, 1.193 ± 0.220 and 1.228 ± 0.192 respectively. The mean homogeneity index for JT-IMRT, SJ-IMRT, JT-VMAT and SJ-VMAT were 0.089 ± 0.022, 0.085 ± 0.024, 0.102 ± 0.016 and 0.101 ± 0.016 respectively. The CI and HI parameters with and without jaw tracking IMRT / VMAT plans were comparable. The homogeneity and the conformity index parameters for all the patients were listed in Table 2 . 
Low dose volumes (Body)
Comparison between the low dose volume (V 5 , V 10 , V 20, and V 30 ) for JT and SJ techniques for IMRT and VMAT were listed in Table 3 and Table 4 Table 3 and VMAT in Table 4 . In the IMRT plans, the JT technique resulted in significant dose reduction compared to the SJ technique. The percentage dose difference of the JT-IMRT plans was 0.034%, 1.511% and 3.220% for V 10 , V 20, and V 30 respectively. V 5 for both JT-IMRT and SJ-IMRT plans were similar. The mean reduction dose to the bladder was 1.459% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p < 0.001). Dose-volume histogram comparison of organ at risk and PTV for JT-IMRT and SJ-IMRT were illustrated in Figure 4 .
The JT-VMAT plans resulted in dose reduction in V 20 and V 30 volumes by 0.086% and 0.201%. Mean dose to the bladder was reduced by 0.469% compared to the SJ-VMAT. Dose reductions were observed in V 20 and V 30 but they were not statistically significant. V 5 and V 10 in both JT-IMRT and SJ-IMRT plans were similar. Dose-volume histogram comparison of organ at risk and PTV for JT-VMAT and SJ-VMAT were illustrated in Figure 5 .
Rectum
Comparison of the rectum volumes (V 5 , V 10 , V 20, and V 30 ) between JT and SJ techniques for IMRT were listed in Table 3 and VMAT in Table 4 . In the IMRT plans, the JT technique resulted in significant doses reduction compared to SJ technique. The percentage dose difference of the JT-IMRT plans were 0.044%, 1.207% and 3.250% for V 10 , V 20, and V 30 respectively. V 5 for both JT-IMRT and SJ-IMRT plans were similar. The mean reduction dose to the rectum was 1.348% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p < 0.001).
The JT-VMAT plans displayed dose reduction in V 10 , V 20, and V 30 volumes by 0.060%, 0.154%, and 0.026%. Mean doss to the bladder was reduced by 0.298% compared to the SJ-VMAT. Dose reductions were observed in V 10 , V 20, and V 30 but they were not statistically significant. V 5 in both JT-IMRT and SJ-IMRT plans were similar.
Right femoral head
Dose reductions in the right femoral head V5, V10, V20, and V30 between JT and SJ techniques for IMRT were listed in Table 3 and VMAT in Table 4 . In the IMRT plans, the JT technique resulted in significant doses reduction compared to SJ technique. The percentage dose difference of the JT-IMRT plans was 0.574%, 2.942%, 13.670% and 4.320% for V 5 , V 10 , V 20, and V 30 respectively. The mean reduction dose to the right femoral head was 4.215% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p < 0.001).
The JT-VMAT plans displayed dose reduction in V 5 , V 10 , V 20, and V 30 volumes by 1.162%, 1.525%, 3.214%, and 0.246%. Mean dose to the right femoral head was reduced by 1.877% compared to the SJ-VMAT. Dose reductions were observed in V 5 , V 10 , V 20, and V 30 but they were not statistically significant.
Left femoral head
Femoral head volumes (V 5 , V 10 , V 20, and V 30 ) along with their mean dose in JT and SJ techniques for IMRT and VMAT were listed in Table 3 and Table 4 . In the IMRT plans, the JT technique resulted in significant doses reduction compared to SJ technique. The percentage dose difference of the JT-IMRT plans was 0.316%, 1.399%, 12.007% and 3.439% for V 5 , V 10 , V 20, and V 30 respectively. The mean reduction dose to the left femoral head was 2.886% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p < 0.001).
The JT-VMAT plans displayed dose reduction in V 5 , V 10 , V 20 and V 30 volumes by 0.082%, 3.902%, 0.219%, and 0.464%. Mean doses to the Left femoral head was reduced by 0.949% compared to the SJ-VMAT. Though dose reductions were observed in V 5 , V 10 , V 20, and V 30 , the differences were not statistically significant.
Intestine
Comparison between the intestine volumes V 5 , V 10 , V 20 and V 30 between JT and SJ techniques for IMRT and VMAT were listed in Table 3 and Table 4 . In the IMRT plans, the JT technique resulted in significant doses reduction compared to SJ technique. The percentage dose difference of the JT-IMRT plans were 1.190%, 2.468%, 6.149% and 6.571% for V 5 , V 10 , V 20, and V 30 respectively. The mean reduction dose to the intestine was 3.198% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p < 0.001).
The JT-VMAT plans displayed dose reduction in V 5 , V 10 , V 20 and V 30 volumes by 0.610%, 0.124%, 1.113%, and 0.578%. Mean dose to the intestine was reduced by 0.449% compared to the SJ-VMAT. Dose reductions were observed in V 5 , V 10 , V 20, and V 30 but they were not statistically significant.
Cauda
Statistical analysis of the cauda volumes (V 5 , V 10 , V 20, and V 30 ) between JT and SJ techniques for IMRT and VMAT were listed in Table 3 and Table 4 . In the IMRT plans, the JT technique resulted in significant doses reduction compared to SJ technique. The percentage dose difference of the JT-IMRT plans was 0.946%, 0.866%, 0.856% and 8.423% for the V 5 , V 10 , V 20, and V 30 respectively. The mean reduction dose to the cauda was 0.258% in JT-IMRT compared to SJ-IMRT and it is statistically significant (p = 0.043). Dose reduction in maximum point dose was 0.375%.
The JT-VMAT plans displayed dose reduction in V 5 , V 10 , V 20, and V 30 volumes by 1.896%, 0.462%, 0.423%, and 1.756%. Mean doses to the intestine was reduced by 0.268% compared to the SJ-VMAT. The maximum point dose was reduced by 0.179% Dose reductions were observed in V 5 , V 10 , V 20, and V 30 but the differences were not statistically significant.
Patient-specific QA
The patient-specific quality assurance using portal dosimetry for all JT-IMRT, SJ-IMRT, JT-VMAT, and SJ-VMAT were performed gamma analysis with 3% dose and 3 mm DTA criteria. The mean ± standard deviation of the percentage of pixels passed using gamma evaluation method for JT-IMRT, SJ-IMRT, JT-VMAT, and SJ-VMAT were 97.798 ± 1.206, 97.3296 ± 1.341, 97.193 ± 1.289 and 97.832 ± 1.325. These QA results provide us the confidence that the TPS predicted and the delivered fluences of all the plans with jaw tracking and static jaw in IMRT/VMAT plans were well within the tolerances and eligible for the treatment delivery. 
Discussion
In this study, we assessed the plan quality using the homogeneity and conformity index for the IMRT / VMAT plans with jaw tracking and static jaws and found that the plan quality indices were comparable and there is no significant difference in the plan quality between jaw tracking and static jaw techniques in IMRT / VMAT. Several studies [2, [7] [8] [9] found that there is no significant difference in the plan quality between the jaw tracking and static jaw in IMRT/VMAT, but significant differences in the OARs sparing were observed using jaw tracking technique.
Several authors have studied the dosimetric advantages of jaw tracking over the static jaw in IMRT and VMAT plans. But most of the studies were done on multiple sites concurrently, which resulted in diluting the individual site enhanced results. Hence, in this study, we would like to focus only on one site (carcinoma of the cervix) to understand the advantage of the jaw tracking in IMRT and VMAT in-depth. Kim et al. [10] studied the clinical assessment of jaw tracking in IMRT for brain tumors, the differences in the mean doses and the maximum doses to the OARs were larger when the OARs and the planning target volume (PTV) were closer.
Joy et al. [7] investigated the dosimetric effect of JT technique added to the existing clinical plan with step and shoot IMRT using pinnacle TPS (Philips Medical Systems, Madison, WI) for thoracic, head and neck and pediatric patients and found the integral dose was reduced by 2% and suggested that JT should be introduced during optimization itself for better results. In our study, JT-IMRT was able to demonstrate the average normal tissue V 5 volume reduction by 5.40% and the mean dose of the normal tissue by 4.22% compared to SJ-IMRT. In the JT-VMAT the V 5 and mean dose of the normal tissue was reduced only by 0.92% and 1.19% respectively. The risk of the secondary malignancies has a direct correlation with the low dose volumes. In our study, there were significant dose reductions in JT-IMRT of the low dose volumes for the normal tissues, which may certainly reduce the possibility of the secondary malignancies. In JT-VMAT the low dose volume reduction for the normal tissues was insignificant or negligible.
The average monitor units (MU) followed by the standard deviation (x ̅ ± σ x̅ ) for all the patients in JT-IMRT, SJ-IMRT, JT-VMAT and SJ-VMAT were 1615.900 ± 216.149, 1573.600 ± 206.131, 482.5 ± 124.211 and 479.600 ± 124.079 respectively. We found a mean increase of 2.69% in MU for JT-IMRT compared to SJ-IMRT and only 0.60% increase in MU for JT-VMAT compared to SJ-VMAT. Schmidhalter et al. [11] demonstrated the reduction of leaf transmission with jaw tracking in dynamic IMRT for prostate and head & neck cancers to the normal tissues by 1.8% and 1.5% respectively. This study found that the average MU in the dynamic IMRT was increased by 3.1% and 2.8% in prostate and head and neck cancers. Karthick et al. [3] investigated the influence of jaw tracking in head and neck cancers in both IMRT and VMAT. In this study, they found that there is an increase in average MU by 4.21% for JT-IMRT compared to SJ-IMRT, whereas there is no significant difference in MU between JT-VMAT and SJ-VMAT.
In this work, as the rectum and bladder are located adjacent to the target volume, the lower doses (especially 5Gy and 10Gy volumes) were almost covering the entire bladder and rectum. In the rectum, we found a mean reduction of 1.348% for JT-IMRT compared to SJ-IMRT, in JT-VMAT the reduction was only 0.298% compared to the SJ-VMAT. Significant dose reduction was observed in V 30 for rectum by 3.25% (p <0.001) and bladder 3.22% (p = 0.005) respectively.
JT-IMRT resulted in statistically significant dose reduction to all the OARs mean dose and low dose volumes. JT-VMAT also resulted in the dose reduction in the low dose volume and the mean dose to the OARs, but the effects were negligible. In this study, JT-VMAT show an overall reduction in the critical structures of rectum, bladder, cauda, etc., compare to SJ-VMAT, but we also observed that JT-VMAT resulted in the increased dose in the low dose volume of critical structures in certain patients as shown in Figure 5 . This indicates that JT has a definite dosimetric advantage in IMRT plans and negligible or no significant advantages in the VMAT plans.
Conclusion
Jaw tracking plans with IMRT and VMAT resulted in decreased dose to the OARs without compromising target coverage. But significant dose reductions were observed in IMRT jaw tracking plans. JT-VMAT plans show dose reduction to OARs, still the dose reduction was not highly statistically significant. The reason for significant dose reduction in JT-IMRT plans is that IMRT plans have relatively larger monitor units compared to VMAT plans.
